1. Introduction {#sec1-sensors-20-02210}
===============

Recently, implantable devices for functional electrical stimulation (FES) has been actively developed and applied to reconstruct functional motions of patients who lost their functional movements of limbs by a spinal cord injury. For example, Ajiboye et al. developed the FES system with Brain-Computer Interface (BCI) to regain limb movements through FES of peripheral muscles and nerves \[[@B1-sensors-20-02210]\]. Bouton also developed neuromuscular electrical stimulation sleeve to restore movements of limbs in a paralyzed human \[[@B2-sensors-20-02210]\]. In these studies, the muscles could respond to the FES after the spinal injury because the lower motor neurons still maintained excitability to the electrical stimulation. Thus, the FES has been applied to restore functional motion for patients with spinal cord injury.

On the other hand, peripheral nerve disconnections caused by traffic accidents such as brachial plexus injury or neurodegenerative disease of peripheral nerves such as Amyotrophic lateral sclerosis (ALS) cause severe muscle atrophy and consequently paralysis of limbs. The lower motor neurons lose the excitability to the electrical stimulation in such peripheral nerve disconnections. Therefore, an irreversible degeneration of muscle tissues has to be prevented to retain muscle function after the occurrence of peripheral nerve disconnections. The transplantation of motor neurons onto peripheral nerves with the FES treatment is one approach for preventing the degeneration of denervated muscles. Recovery of muscle activity has previously been seen to occur following electrical stimulation of the peroneal or tibial nerve after injection of motor neurons into the sciatic nerve of a rat \[[@B3-sensors-20-02210],[@B4-sensors-20-02210]\]. The application of FES has demonstrated its potential for slowing down the atrophy of denervated muscles and allowing the retention of muscle functionality \[[@B5-sensors-20-02210]\].

In a previous study, the angle of an ankle joint was found to increase during walking motion of a rat using FES on a peripheral nerve that had been subjected to a procedure that produces Motoneuron Integrated Striated Muscle (MISM) \[[@B3-sensors-20-02210],[@B4-sensors-20-02210]\]. MISM is the outcome of a procedure whereby motor neurons are transplanted into a peripheral nerve to restore muscle functionality. In the previous study, FES was applied to the nerve via a conductive wire connected to a power source located outside of the rat body. Such a wired nerve stimulation system generates infection risk and the inhibition of motion of the rat. Therefore, an implantable wireless microelectrode for nerve stimulation is desirable.

The implantable FES systems to stimulate peripheral nerves have been developed, and some devices have been clinically applied to actual patients such as Vagus Nerve Stimulation (VNS) for treatment of epilepsy and artificial cochlea \[[@B6-sensors-20-02210],[@B7-sensors-20-02210],[@B8-sensors-20-02210],[@B9-sensors-20-02210]\]. Some implantable FES devices have a function of feedback control, such as Deep Brain Stimulation systems \[[@B10-sensors-20-02210],[@B11-sensors-20-02210],[@B12-sensors-20-02210]\] and VNS systems \[[@B13-sensors-20-02210],[@B14-sensors-20-02210]\]. Generally, the VNS systems use one electrode to modify the stimulation signal using the closed-loop control. However, to reconstruct the functional motion of limbs, the present posture of limbs should be measured, and the multiple FES signal should be applied to multiple peripheral nerves based on the measured information because one joint motion is generally controlled by more than two muscles: the agonist muscle and the antagonist muscle. The multiple stimulation sites should conduct nerve stimulation control independently based on the feedback control. The DBS systems have such multiple electrodes, and the stimulation sites are modified by the feedback signal. In this study, we applied multiple stimulations with feedback control to achieve control of limb motion. In addition, the receiver device in our system did not have a battery, and the power activating the receiver device was completely supplied from the transmitter device. The stimulation sites and stimulation strength were dynamically controlled by using the frequency and amplitude of the transmitter signal. Thus, our system applied feedback control of multiple stimulation sites for controlling dynamically movable limbs using the battery-less simple structure.

To achieve such feedback control to modify the FES signal to multiple peripheral nerves, a new 2-channel neurostimulator was prepared, such that two peripheral nerves could be stimulated for the present study. The neurostimulator was developed based on a nerve stimulation device that was developed in our previous study that can stimulate a rat peroneal nerve using wireless powering by a magnetic resonance method \[[@B15-sensors-20-02210]\]. The two-channel neurostimulator developed in this study allowed the actuation of both agonist and antagonist muscles by the neurostimulator, such that the ankle angle of a rat could be controlled using a visual feedback system as shown in [Figure 1](#sensors-20-02210-f001){ref-type="fig"}.

2. Wirelessly Powered Neurostimulator {#sec2-sensors-20-02210}
=====================================

2.1. Receiver System for Selective Stimulation of Two Peripheral Nerves {#sec2dot1-sensors-20-02210}
-----------------------------------------------------------------------

In this study, a wirelessly powered neurostimulator was developed to selectively stimulate two nerves in a rat, namely the tibial and peroneal nerves, to control the motion of the ankle joint. The wireless power supply was achieved by a magnetic resonance method \[[@B16-sensors-20-02210],[@B17-sensors-20-02210]\]. A schematic of the selective electrical stimulation of peripheral nerves to control ankle joint flexion by the wirelessly powered neurostimulator is shown in [Figure 2](#sensors-20-02210-f002){ref-type="fig"}. The switching of the nerve stimulation was enabled by switching the frequency of the transmitter signal providing wireless power. In our device, three different frequencies, namely 90 kHz, 100 kHz, and 110 kHz, were used to transmit power from a transmitter device to a receiver device by a magnetic resonance method. The receiver device stimulated the peroneal nerve to generate dorsal flexion when 90 kHz was used for the wireless powering, while it stimulated the tibial nerve to generate plantar flexion when 110 kHz was used. A frequency of 100 kHz was used to stimulate neither the peroneal nerve nor the tibial nerve. Thus, the nerve to be stimulated was selected by switching the frequency of the transmitter signal. The stimulation current was controlled by the amplitude of the transmitter signal. The stimulation frequency, duration, and current were all controlled by the proposed method.

The schematic of the receiver system of our neurostimulator is shown in [Figure 3](#sensors-20-02210-f003){ref-type="fig"}a. The system has four main functions: 1. Receive power from a transmitter device; 2. Use a low pass filter and comparator to identify the frequency of the transmitter signal; 3. Implement voltage-current translation to achieve constant current control; 4. Switch the stimulation electrodes for selective nerve stimulation. The receiver device had two stimulation electrodes, and the stimulation electrode and stimulation current were selected from the transmitter signal through the receiver system. The cuff electrode of stimulation was determined by the frequency with which the transmitter frequency was switched, and the duration of the stimulation was fixed by the duration of the transmitter signal, at either 90 kHz or 110 kHz. The receiver coil, which was used in the receiver system, had 18 mm in diameter, 26 μF self-inductance, and quality factor 25. The electrical circuit of the receiver device and fabricated receiver device are presented in [Figure 3](#sensors-20-02210-f003){ref-type="fig"}b,c. The 3rd order Sallen--Key low pass filter with the cutoff frequency at 90 kHz was used to identify the frequency of the transmitter signal. The Bode diagram of this low pass filter is shown in [Figure 3](#sensors-20-02210-f003){ref-type="fig"}d. The transmitter frequency could be determined by the filter, and the stimulation electrode was selected. In this study, the receiver device was not fabricated in implantable size to validate the stimulation signal from the receiver device could control planter/dorsal flexion of a rat ankle joint. The device will be miniaturized in the implantable size by the surface-mount package of the electrical circuit.

2.2. The Transmitter System for Visual Feedback Control {#sec2dot2-sensors-20-02210}
-------------------------------------------------------

In this study, a rat ankle angle was controlled using a visual feedback control system. The transmitter system for visual feedback control of the rat ankle angle was prepared, as shown in [Figure 4](#sensors-20-02210-f004){ref-type="fig"}. The transmitter device was composed of three parts with different functions: 1. A microcomputer to receive information about nerve stimulation and current level from a PC; 2. An oscillator to control the transmitter frequency based on the output from the microcomputer; 3. A voltage regulator to adjust the stimulation current based on the output from the microcomputer, as shown in [Figure 4](#sensors-20-02210-f004){ref-type="fig"}a. The transmitter device sent information about which nerve should be stimulated and how much stimulation current was required to the receiver device by integrating these functions. [Figure 4](#sensors-20-02210-f004){ref-type="fig"}b shows the design of electric circuit for the transmitter device, and [Figure 4](#sensors-20-02210-f004){ref-type="fig"}c indicates the fabricated transmitter device in this study. The transmitter coil used in the transmitter system was the same as the receiver coil (18 mm in diameter, 26 μF self-inductance, and 25 quality factor).

The wireless powering in different transmitter frequencies was tested using the fabricated transmitter and receiver systems. [Figure 4](#sensors-20-02210-f004){ref-type="fig"}d indicates the rectified/smoothed received voltage of the receiver device in different transmitter frequencies. Hence, the wireless powering system could send power to the receiver deice when the transmitter frequency was between 70 kHz and 125 kHz.

2.3. The Cuff Electrode for the Nerve-Neurostimulator Interface {#sec2dot3-sensors-20-02210}
---------------------------------------------------------------

Peripheral nerve electrodes are typically divided into extrafascicular electrodes and intrafascicular electrodes \[[@B18-sensors-20-02210]\]. Intrafascicular electrodes can achieve high selectivity by placing the electrodes within the fascicles of the nerve. However, nerve damage and long-term stability are concerns when using these electrodes. By contrast, extrafascicular electrodes like cuff electrodes have attracted a substantial amount of attention due to their noninvasive nature.

In this study, we developed a cuff electrode made of liquid silicone rubber (LSR) (Ecoflex 00-30 (Smooth On, Inc., Macungie, PA, USA)), which had Young's modulus at 0.125 MPa \[[@B19-sensors-20-02210],[@B20-sensors-20-02210],[@B21-sensors-20-02210]\] and stainless-steel wire of 50 μm in diameter. The fabrication procedure is illustrated in [Figure 5](#sensors-20-02210-f005){ref-type="fig"}. Firstly, an epoxy-based photoresist (SU8 3050 (Microchem, Inc., Westborough, MA, USA)) was patterned on a silicon substrate, as shown in [Figure 5](#sensors-20-02210-f005){ref-type="fig"}a. A solid rectangular structure of 100 μm width and 60 μm height was fabricated by a general photolithography process. This structure was transcribed to the 100 μm thick LSR film ([Figure 5](#sensors-20-02210-f005){ref-type="fig"}b). This film was cut and adhered to a 250 μm thick LSR film to make microchannels ([Figure 5](#sensors-20-02210-f005){ref-type="fig"}c). Two stainless-steel wires with diameters of 50 μm were inserted into the microchannels ([Figure 5](#sensors-20-02210-f005){ref-type="fig"}d). Finally, these wires were isolated with silicone tubing and connected to the LSR films with microchannels ([Figure 5](#sensors-20-02210-f005){ref-type="fig"}e). In experiments using a rat, the fabricated cuff electrodes were placed on a tibial nerve and a peroneal nerve, respectively. Cuff electrodes were wrapped around the nerves with sutures ([Figure 6](#sensors-20-02210-f006){ref-type="fig"}a) to get stable contacts between the nerve surfaces and the stainless-steel wires. A photograph of the fabricated cuff electrode placed on a rat peroneal nerve is shown in [Figure 6](#sensors-20-02210-f006){ref-type="fig"}b,c indicates the connection of two cuff electrodes on a rat peroneal and tibial nerve, respectively.

3. Evaluation of the Fabricated Neurostimulator {#sec3-sensors-20-02210}
===============================================

3.1. Relationship Between the Stimulation Current and the Gap between the Transmitter/Receiver Coils {#sec3dot1-sensors-20-02210}
----------------------------------------------------------------------------------------------------

The gap between the transmitter coil and the receiver coil is an important parameter for wireless powering by the magnetic resonance method. In general applications, the receiver device will be implanted inside a rat body, and the gap between the two coils will not be directly measured and precisely fixed. Therefore, the wireless powering should be achieved even if that gap varies by a few millimeters. In the present study, the output of the receiver device was connected to a resistance of 1 kΩ, which simulated the resistance of a peripheral nerve. The maximum power was sent wirelessly from the transmitter device to the receiver device, and the applied voltage over the 1 kΩ resistance was measured. Combining this measured voltage and the resistance of 1 kΩ, the output current from the receiver device could be calculated. The change in the output current from the receiver device was checked as the gap was changed from 1 mm to 5 mm. Glass slides were placed between the transmitter and receiver coils to make the gap. The effect of the difference in vivo and in vitro for the coupling coefficient of two coils could be ignored because the relative permeability of glass is 1, while the water is 0.999991.

The experimental results for the relationship between the vertical gap separating the transmitter and receiver coils and the output current from the receiver device (simulating peripheral nerves) are indicated in [Figure 7](#sensors-20-02210-f007){ref-type="fig"}a when the output current was set on the maximum current in our experimental setup. Generally, a rat's skin thickness is around 1 mm, so the coil gap becomes larger than 1 mm when the receiver device is implanted inside a body. The experimental results show that the stimulation current remained higher than 3 mA when the coil gap was between 1 mm and 4 mm. A current of 3 mA was large enough to generate full dorsal/plantar flexion of a rat ankle, as shown in the visual feedback experiments explained in [Section 4](#sec4-sensors-20-02210){ref-type="sec"} of this paper.

In the experiments explained in [Section 4](#sec4-sensors-20-02210){ref-type="sec"}, we used the stimulation current at μA order. Therefore, the output current was set on μA order (the same setup used in the experiments using rats in [Section 4](#sec4-sensors-20-02210){ref-type="sec"}), and the output current was checked using the same procedure of the experiment, as shown in [Figure 7](#sensors-20-02210-f007){ref-type="fig"}a. [Figure 7](#sensors-20-02210-f007){ref-type="fig"}b showed the results when the vertical gap was changed. Thus, the same characteristics were obtained even if the output current was set on the μA order, and the output current was not changed dramatically if the coil gap was between 1 mm and 4 mm. The output current was also measured when the horizontal misalignment between the transmitter and receiver coils was changed. The experiment was conducted by keeping the vertical gap at 2.5 mm and change the position of the transmitter coil horizontally. The output current started to decrease from 3 mm misalignment, and it became about 62% of maximum current when the misalignment became 4 mm, as shown in [Figure 7](#sensors-20-02210-f007){ref-type="fig"}c. The output current was dropped 25% of the maximum current when the misalignment became 5 mm. Hence, the result indicates that the wireless power system that was developed for this study was capable of sending sufficient power to stimulate peripheral nerves, even if the embedded receiver coil was moved by a few millimeters inside a rat body after implantation.

3.2. The Ability of Switching to Stimulate Two Different Nerves {#sec3dot2-sensors-20-02210}
---------------------------------------------------------------

Switching tests were conducted to check how quickly stimulations could be switched in our device. When the device is applied to the reconstruction of the functional motion of limbs, it should be possible to stimulate currents in different electrodes independently. Therefore, switching tests are important. To check the switching ability of the device, the output currents were set to the maximum output value (3.6 mA) of our neurostimulator on one electrode and to the minimum output value (2.2 mA) on the other electrode, with a coil gap of 2.5 mm at first.

The experimental results are shown in [Figure 8](#sensors-20-02210-f008){ref-type="fig"}a,b. At first, the target output currents in the first and second electrodes were set to 3.6 mA and 2.2 mA, respectively. As shown in [Figure 8](#sensors-20-02210-f008){ref-type="fig"}a, the outputs from both electrodes drifted away from the target currents (and started approaching the same value) at switching frequencies above 600 Hz, while the outputs from both electrodes remained equal to the target currents at switching frequencies below 500 Hz. Similar results were obtained when the target output currents in the 1st and 2nd electrodes were set to 2.2 mA and 3.6 mA, respectively, as shown in [Figure 8](#sensors-20-02210-f008){ref-type="fig"}b.

The same experiments were conducted after reducing the maximum output value (20 μA) and the minimum output value (7 μA) in the experimental setup. This stimulation range was used for the visual feedback experiments using rats explained in [Section 4](#sec4-sensors-20-02210){ref-type="sec"}. The experimental results are shown in [Figure 8](#sensors-20-02210-f008){ref-type="fig"}c,d. Thus, the outputs from both electrodes drifted away from the target currents (and started approaching the same value) at switching frequencies above 600 Hz, while the outputs from both electrodes remained equal to the target currents at switching frequencies below 500 Hz. Hence, the results indicate that the developed device could control output currents from two electrodes independently if the switching frequency remained below 500 Hz.

3.3. The Selective Stimulation of the Peroneal and Tibial Nerves {#sec3dot3-sensors-20-02210}
----------------------------------------------------------------

The cuff electrodes were connected to the rat peroneal and tibial nerves to generate dorsal and plantar flexion of the ankle joint, respectively. In the experiment, the rat was under anesthesia, and the stimulation signal at 50 Hz, 0.2 ms duration was used. The stimulation current of the tibial nerve was set on 0.40 mA, and that of peroneal nerve was 0.40 mA to check the flexion of the ankle joint. In the experiments, the receiver device was placed outside the body, and the two outputs from the receiver device were connected to the two cuff electrodes fixed on the peroneal and tibial nerves. The experimental results are shown in [Figure 9](#sensors-20-02210-f009){ref-type="fig"}. Plantar flexion ([Figure 9](#sensors-20-02210-f009){ref-type="fig"}b) and dorsal flexion ([Figure 9](#sensors-20-02210-f009){ref-type="fig"}c) were generated by the stimulation of the tibial nerve and the peroneal nerve, respectively. Hence, the results indicate that the developed device can generate dorsal and plantar flexion of a rat ankle joint, by design.

4. Visual Feedback Control of the Rat Ankle Joint {#sec4-sensors-20-02210}
=================================================

4.1. The Experimental Setup for Visual Feedback Control of the Rat Ankle Joint {#sec4dot1-sensors-20-02210}
------------------------------------------------------------------------------

In order to achieve feedback control of the rat ankle joint angle, the current position of the rat leg has to be detected. In our experiment, a camera (C-ST, Photron, Tokyo, Japan) was used to detect the angle of the ankle joint. Three green markers were placed on the rat toe, ankle, and knee, respectively. The experimental setup for calculating the ankle joint angle from the markers is shown in [Figure 10](#sensors-20-02210-f010){ref-type="fig"}a. In the visual feedback experiments, the green markers placed on the rat hind leg were detected using the parameters about the color space of the Hue, Saturation, Value (HSV) model. In our experimental setup, each parameter had a number from 0 to 255, and the four threshold values: minimum Hue, maximum Hue, Saturation, and Value were set at the start of experiments. At first, the threshold of minimum Hue was gradually increased to detect the markers on the rat hind leg in our experimental setup. The threshold of maximum Hue, Saturation, and Value were fixed in sequence by increasing the threshold to detect the markers. Each parameter was set as shown below: the minimum Hue was 91, the maximum Hue was 128, Saturation was 45, and Value was 29 in the experiments.

The different sizes of markers were used to identify the body part of each marker. The largest marker was used for the target marker, and markers on the knee, ankle, and toe became smaller in this order. From the placement of these markers on the rat leg, the knee position (*x*~1~, *y*~1~), ankle position (*x*~2~, *y*~2~), and toe position (*x*~3~, *y*~3~) were detected. The angle of the ankle joint *θ* was calculated using Equation (1):$$\theta = \arccos\frac{\left( {x_{1} - x_{2}} \right)\left( {x_{3} - x_{2}} \right) + \left( {y_{1} - y_{2}} \right)\left( {y_{3} - y_{2}} \right)}{\sqrt{\left( {x_{1} - x_{2}} \right)^{2} + \left( {y_{1} - y_{2}} \right)^{2}}\sqrt{\left( {x_{3} - x_{2}} \right)^{2} + \left( {y_{3} - y_{2}} \right)^{2}}}~$$

The target angle *θ~d~* was calculated using the target marker position (*x*~0~, *y*~0~) in Equation (2):$$\theta_{d} = \arccos\frac{\left( {x_{1} - x_{2}} \right)\left( {x_{0} - x_{2}} \right) + \left( {y_{1} - y_{2}} \right)\left( {y_{0} - y_{2}} \right)}{\sqrt{\left( {x_{1} - x_{2}} \right)^{2} + \left( {y_{1} - y_{2}} \right)^{2}}\sqrt{\left( {x_{0} - x_{2}} \right)^{2} + \left( {y_{0} - y_{2}} \right)^{2}}}~$$

The stimulation current received by the tibial or peroneal nerve was adjusted using the Proportional Integral (PI) control method to change *θ* so that it was equal to *θ~d~*. *θ*~0~ is the neutral angle of the rat ankle joint. The plantar flexion can be generated by stimulating the tibial nerve, and the dorsal flexion can be generated by stimulating the peroneal nerve. The angle *θ* becomes larger than *θ~0~* during the plantar flexion while *θ* becomes smaller than *θ*~0~ during the dorsal flexion.

In order to generate dorsal flexion (the case where $\theta_{d} < \theta_{0}$), the stimulation current to the peroneal nerve at the time step *k* (represented by *S^p^(k)*) was adjusted using Equations (3)--(5), as shown below:$$S_{p}^{p}\left( k \right) = K_{p}\left( {\theta - \theta_{d}} \right);$$ $$S_{i}^{p}\left( k \right) = S_{i}\left( {k - 1} \right) + K_{i}\left( {\theta - \theta_{d}} \right);$$ $$S^{p}\left( k \right) = S_{p}^{p}\left( k \right) + S_{i}^{p}\left( k \right),$$ where $S_{p}^{p}\left( k \right)$ is the stimulation current at time step *k* calculated by Proportional (P) control, and $S_{i}^{p}\left( k \right)$ is the stimulation current at time step *k* calculated by Integral (I) control, for the case where $\theta_{d} < \theta_{0}$. *K~p~* and *K~i~* are constant coefficients of P control and I control, respectively.

On the other hand, in order to generate the plantar flexion (the case where $\theta_{d} \geq \theta_{0}$), the stimulation current to the tibial nerve at the time step *k* (represented by *S^t^(k)*) was adjusted using Equations (6)--(8), as shown below:$$S_{p}^{t}\left( k \right) = K_{p}\left( {\theta_{d} - \theta} \right);$$ $$S_{i}^{t}\left( k \right) = S_{i}\left( {k - 1} \right) + K_{i}\left( {\theta_{d} - \theta} \right);$$ $$S^{t}\left( k \right) = S_{p}^{t}\left( k \right) + S_{i}^{t}\left( k \right),$$ where $S_{p}^{t}\left( k \right)$ is the stimulation current at time step *k* calculated by P control, and $S_{i}^{t}\left( k \right)$ is the stimulation current at time step *k* calculated by I control, for the case where $\theta_{d} \geq \theta_{0}$.

The experimental setup for visual feedback control of the ankle angle is shown in [Figure 10](#sensors-20-02210-f010){ref-type="fig"}b. The rat was under anesthesia during the experiment. The two cuff electrodes were connected to the tibial and peroneal nerves, respectively, as shown in [Figure 6](#sensors-20-02210-f006){ref-type="fig"}c, and the stimulation current, which was applied from the stimulation device generated either plantar flexion or dorsal flexion of the ankle. The sampling frequency of the high-speed camera was 250 Hz, and the frequency of application of the stimulation current was controlled at 12 Hz in our visual feedback system. The control frequency was restricted by the serial communication speed from PC to the microcomputer (Arduino) in our experimental setup. The transmitter system used 0.25 A, 9.0 V, 2.25 W with the coil gap 2.2 mm to activate the receiver system by wireless powering in the experiments.

To determine the current range for FES, the stimulation current was gradually increased before the visual feedback experiments. The minimum stimulation current of perineal nerve$~S_{min}^{p}$ was fixed when the ankle leg was started to respond to the stimulation, and the maximum stimulation current of perineal nerve $S_{max}^{p}$ was fixed when the ankle leg became maximum flexion angle. The same procedures were conducted to determine the minimum and maximum stimulation current for tibial nerve $S_{min}^{t}$ *and* $S_{max}^{t}$*,* respectively.

After determined the range of stimulation currents, the visual feedback experiments were conducted. At first, constant coefficients of I control *Ki* was set on 0, and the constant coefficients of P control *K~p~* was gradually increased, then it was fixed at the value just before the vibration of rat leg was observed. Thereafter, *K~i~* was gradually increased, and it was also fixed at the value just before the vibration of the rat leg was observed.

4.2. Step Response of the Rat Ankle Joint {#sec4dot2-sensors-20-02210}
-----------------------------------------

The step response of the rat ankle joint was evaluated by stimulating either the tibial or the peroneal nerve. In these experiments, the ankle angle was measured when the nerves were stimulated. The neutral position (for no stimulation of the nerves) corresponded to an ankle angle of 80°. The parameters for PI control was determined by the procedure described in [Section 4.1](#sec4dot1-sensors-20-02210){ref-type="sec"}. The transmitter system used 0.25 A, 9.0 V, 2.25 W with the coil gap 2.2 mm for the wireless powering. The parameters for PI control were set to the values *K~p~* = 5 and *K~i~* = 0.2. The target angle of the ankle joint took three successive values: 40°, 50°, 60°, and each response of the rat ankle angle was measured in sequence. The rat was under anesthesia during the experiments.

[Figure 11](#sensors-20-02210-f011){ref-type="fig"} shows the experimental results ([supplementary video S1](#app1-sensors-20-02210){ref-type="app"} contained movies of the step response when the target angles were 40 and 50°). When the target value for the rat ankle angle was set to 40°, the target angle reached to approximately 0.2 ms, without overshoot, as shown in [Figure 11](#sensors-20-02210-f011){ref-type="fig"}a. In the case when the target value was set to 50°, the ankle angle was overshot. After some initial fluctuation of the target angle, the ankle angle eventually settled on the target value after approximately 1.4 s, as shown in [Figure 11](#sensors-20-02210-f011){ref-type="fig"}b. In the case when the target angle was 60°, the ankle angle also overshot the target angle and continued oscillating about the target angle, as shown in [Figure 11](#sensors-20-02210-f011){ref-type="fig"}c. In other words, an oscillation of the ankle joint was generated when the target angle was close to the angle corresponding to the neutral position. These results may be ascribed to a nonlinear response of the dorsal/plantar flexion angles to the stimulation current. When the ankle angle was close to the neutral position, a small current increase caused a large change in ankle angle, while a larger current increase was needed to obtain the same angle change when the ankle angle was close to the maximum flexion angle \[[@B21-sensors-20-02210]\]. When the target angle was far from the neutral position (for instance, when the target angle was 40°, as shown in [Figure 11](#sensors-20-02210-f011){ref-type="fig"}a), the initial stimulation current flowing into the peroneal nerve was not sufficient to cause overshoot of the target angle. The time response to the target angle 40° was 0.2 s. On the contrary, when the target angle was close to the neutral position (for instance, when the target angle was 60°), the initial stimulation current flowing into the peroneal nerve was sufficient to cause an overshoot of the target angle, as shown in [Figure 11](#sensors-20-02210-f011){ref-type="fig"}c). Once the overshooting had occurred, and the stimulation was switched from the peroneal nerve to the tibial nerve, an oscillation of the leg was generated, as shown in [Figure 11](#sensors-20-02210-f011){ref-type="fig"}b,c, and the oscillation could not be stopped once the target angle had approached the angle of the neutral position too closely, as shown in [Figure 11](#sensors-20-02210-f011){ref-type="fig"}c. The time response to the target angle 50° was 1.4 s.

4.3. Visual Feedback Control of the Rat Ankle Joint {#sec4dot3-sensors-20-02210}
---------------------------------------------------

Visual feedback control of the rat ankle joint was conducted with our developed system. In that experiment, the target marker was moved manually, and the stimulation currents to the peroneal and tibial nerves were controlled by the PI control method. The parameters for PI control were initially set to values of *K~p~* = 5 and *K~i~* = 0.2. The transmitter system used the same condition of the step response (0.25 A, 9.0 V, 2.25 W with the coil gap 2.2 mm) for the wireless powering. The rat was under anesthesia during the experiment.

The experimental results are shown in [Figure 12](#sensors-20-02210-f012){ref-type="fig"} (the [supplementary video S1](#app1-sensors-20-02210){ref-type="app"} contains movies of the visual feedback control). The ankle angle followed the target angle without a large time delay, but the oscillation of the leg was observed when the target angle approached the neutral position (corresponding to an angle of approximately 80°). This outcome was similar to the result observed in the step response for target angles of 40 and 50°.

In order to decrease the oscillation occurring when the ankle angle approached the neutral position, the P control method was implemented with a change from Equations (3) and (6) to the equations shown below:$${S_{p}^{p}\left( k \right) = K_{p}\left( {\theta_{0} - \theta_{d}} \right)}{\quad\left( {if}\ \theta_{d} < \theta_{0} \right);}$$ $${S_{p}^{t}\left( k \right) = K_{p}\left( {\theta_{d} - \theta_{0}} \right)}{\quad\left( {if}\ \theta_{d} \geq \theta_{0} \right).}$$ No change was applied for the implementation of the I control method, described by Equations (4) and (7). In that method, the stimulation of P control was proportional to the difference between the neutral position *θ~0~* and the target angle *θ~d~*, and not affected by the ankle angle *θ*. By adjusting the parameter *K~p~*, the oscillation could be decreased effectively.

The experimental results for the values *K~p~* = 1 and *K~i~* = 0.02 are shown in [Figure 13](#sensors-20-02210-f013){ref-type="fig"} (the [supplementary video S1](#app1-sensors-20-02210){ref-type="app"} contains the movies of the visual feedback control). The rat was under anesthesia during the experiment. In that experiment, the stimulation current had a higher value than in the previous experiment (as shown in [Figure 12](#sensors-20-02210-f012){ref-type="fig"}) because the experiment was conducted on a different rat and the varying quality of the electrical contact with the cuff electrode led to a variation in the current required to generate dorsal and plantar flexion. The overshoot and oscillation of the leg were not generated in that experiment. However, the response of the ankle angle was decreased, and the steady-state error was increased, compared with the previous experiment. These results may be due to the smaller value of *K~i~* and the fact that the stimulation based on P control was not influenced by the ankle angle *θ*. The degree of control of the ankle angle will be improved by combining the two approaches used for visual feedback control (with the respective results shown in [Figure 12](#sensors-20-02210-f012){ref-type="fig"} and [Figure 13](#sensors-20-02210-f013){ref-type="fig"}), in order to improve the response time and reduce the steady-state error without generating an oscillation in the rat leg.

5. Discussion {#sec5-sensors-20-02210}
=============

In this study, we applied FES to peripheral nerves to generate leg motion. In general, FES can be divided into three types \[[@B22-sensors-20-02210]\]. First, there is surface stimulation \[[@B23-sensors-20-02210]\]. In this version of FES, the electrodes for stimulation are placed on a layer of skin over the target nerves or motor points of muscles to be activated. Surface stimulation is non-invasive but can be uncomfortable or painful during stimulation. Second, there is percutaneous stimulation. The electrodes are implanted into the muscles to be activated. Percutaneous stimulation has excellent muscle selectivity but requires a lot of power for stimulation and has a risk of infection \[[@B24-sensors-20-02210]\]. The third type of FES is an implanted neuroprosthetic stimulation \[[@B25-sensors-20-02210],[@B26-sensors-20-02210],[@B27-sensors-20-02210],[@B28-sensors-20-02210]\]. The electrodes are implanted on the target nerve. Implanted neuroprosthetic stimulation requires only one-tenth of the amount of power required by percutaneous stimulation; consequently, smaller devices can be developed. However, there is the disadvantage that selective stimulation of multiple muscles is difficult. Hence, implantable neurostimulators, which can conduct neuroprosthetic stimulation to generate selective contraction of multiple muscles, have been desired for FES applications. In the present study, we used wireless powering, and the receiver device was implanted inside a body to achieve implanted neuroprosthetic stimulation.

The control of limbs by the stimulation of multiple peripheral nerves with the combination of MISM leads to generate new treatments for patients who had peripheral nerve injury or neurodegenerative disease of peripheral nerves such as ALS. The precise control of stimulation current in different multiple peripheral nerves by one device is required to restore the functional motion of libs or legs. Conventionally, the motion generated by FES has not been precisely controlled, and most studies have involved an on/off mode of stimulation \[[@B25-sensors-20-02210]\]. In order to achieve more precise motion control by FES, feedback, or feedforward control has been employed in recent studies \[[@B29-sensors-20-02210],[@B30-sensors-20-02210]\]. These studies have shown better performance compared with conventional on/off motion, but they still have had limitations with respect to oscillation generation or precision of control. For example, Srinivasan et al. reported the closed-loop functional optogenetic stimulation (FOS) and FES of rat leg \[[@B29-sensors-20-02210]\]. In their experiments, step response of a rat leg was 226 ms and 250 ms by FOS and FES, respectively. Our experimental result in the case of the target angle 40° showed similar response time 0.2 s ([Figure 11](#sensors-20-02210-f011){ref-type="fig"}a). The present study shows a fine level of controllability of a rat leg using visual feedback control. The device is wirelessly powered and could be implanted inside a body, which will decrease the risk of infection \[[@B24-sensors-20-02210]\]. In the future, the receiver device will be miniaturized to an implantable size, and an implantable neurostimulator will be used to artificially generate the functional motion of hands or legs.

6. Conclusions {#sec6-sensors-20-02210}
==============

In this study, a wirelessly powered two-channel neurostimulator was developed to apply selective FES to the peroneal and tibial nerves in a rat, to generate flexion of the ankle joint. The neurostimulator used two coils to supply power wirelessly from a transmitter coil to a receiver coil by a magnetic resonance method. The receiver device, including a receiver coil, was connected to the peroneal and tibial nerves in a rat. The stimulation of the nerves was switched at the frequency delivered by the transmitter signal. Dorsal/plantar flexion of the rat ankle joint was selectively induced by the developed neurostimulator. The rat ankle joint angle was controlled by changing the stimulation electrode and current using a visual feedback control system. The rat ankle moved by following the target angle within an acceptable response time. The oscillation of the rat leg was reduced by modifying the P control.

The following are available online at <https://www.mdpi.com/1424-8220/20/8/2210/s1>, Videos related to step responses and visual feedback controls can be found in the supplemental video.

###### 

Click here for additional data file.
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![A schematic representing the concept of selective stimulation of rat peroneal and tibial nerves using visual feedback control: peroneal and tibial nerve stimulation was switched to control leg motion based on the motion capture of a rat leg by a high-speed camera.](sensors-20-02210-g001){#sensors-20-02210-f001}

![A schematic indicating the selective stimulation of the rat peroneal and tibial nerves by switching the transmitter frequency.](sensors-20-02210-g002){#sensors-20-02210-f002}

![A receiver device system for visual feedback control of the rat ankle angle: (**a**) A schematic of the receiver device system; (**b**) The electrical circuit of the receiver device; (**c**) The fabricated receiver device; (**d**) The bode diagram of the low pass filter to identify the transmitter frequency.](sensors-20-02210-g003){#sensors-20-02210-f003}

![A transmitter device system for visual feedback control of the rat ankle angle: (**a**) A schematic of the transmitter device system; (**b**) The electrical circuit of the transmitter device; (**c**) The fabricated transmitter device; (**d**) The relationship between the transmitter frequency and received voltage on the receiver device.](sensors-20-02210-g004){#sensors-20-02210-f004}

![Fabrication procedure of the cuff electrode. The sequence from (**a**--**e**) indicates the sequential assembly steps of the electrode.](sensors-20-02210-g005){#sensors-20-02210-f005}

![Cuff electrode as a neurostimulator-nerve interface: (**a**) A cross-sectional view of the cuff electrode fixed on a peripheral nerve; (**b**) The actual cuff electrode fixed on a rat peroneal nerve; (**c**) The two cuff electrodes fixed on a rat peroneal and tibial nerve respectively.](sensors-20-02210-g006){#sensors-20-02210-f006}

![Experimental results for the output current from the receiver device: (**a**) Results with varying values of the vertical gap between the transmitter coil and the receiver coil when the output current was set on the maximum value in the experimental setup; (**b**) Results with varying values of the vertical gap between the transmitter coil and the receiver coil when the output current was set on μA order for visual feedback experiments using a rat; (**c**) Results with varying values of the horizontal misalignment between the transmitter coil and the receiver coil.](sensors-20-02210-g007){#sensors-20-02210-f007}

![Experimental results for the switching of two electrodes for different frequencies: (**a**) When the output currents in the 1st and 2nd electrodes were set to 3.6 mA and 2.2 mA, respectively; (**b**) When Table 1st and 2nd electrodes were set to 2.2 mA and 3.6 mA, respectively; (**c**) When the output currents in the 1st and 2nd electrodes were set to 20 μA and 7 μA, respectively; (**d**) When the output currents in the 1st and 2nd electrodes were set to 7 μA and 20 μA, respectively. Dashed lines indicate the target output current in each electrode.](sensors-20-02210-g008){#sensors-20-02210-f008}

![Selective stimulation of rat peroneal and tibial nerves (**a**) Without stimulation; (**b**) With stimulation to the tibial nerve to generate plantar flexion of the ankle joint; (**c**) With stimulation to the peroneal nerve to generate dorsal flexion of the ankle joint.](sensors-20-02210-g009){#sensors-20-02210-f009}

![Experimental setup for visual feedback control of the rat ankle angle: (**a**) A schematic of the markers placed on a rat leg for detecting the ankle angle and the target angle; (**b**) A schematic of the experimental system for visual feedback control.](sensors-20-02210-g010){#sensors-20-02210-f010}

###### 

Experimental results for the step response: Results are shown for the following target angles for the rat ankle joint: (**a**) 40°; (**b**) 50°; (**c**) 60°.

![](sensors-20-02210-g011a)

![](sensors-20-02210-g011b)

![Experimental results for visual feedback control of the rat ankle joint when *K~p~* = 5; *K~i~* = 0.2.](sensors-20-02210-g012){#sensors-20-02210-f012}

![Experimental results of visual feedback control of rat ankle joint when *K~p~* = 1 and *K~i~* = 0.02.](sensors-20-02210-g013){#sensors-20-02210-f013}
